Eight low-passage-number Streptococcus pneumoniae clinical isolates, each of a different serotype and a different multilocus sequence type, were obtained from pediatric participants in a pneumococcal vaccine trial. Comparative genomic analyses were performed with these strains and two S. pneumoniae reference strains. Individual genomic libraries were constructed for each of the eight clinical isolates, with an average insert size of ϳ1 kb. A total of 73,728 clones were picked for arraying, providing more than four times genomic coverage per strain. A subset of 4,793 clones were sequenced, for which homology searches revealed that 750 (15.6%) of the sequences were unique with respect to the TIGR4 reference genome and 263 (5.5%) clones were unrelated to any available streptococcal sequence. Hypothetical translations of the open reading frames identified within these novel sequences showed homologies to a variety of proteins, including bacterial virulence factors not previously identified in S. pneumoniae. The distribution and expression patterns of 58 of these novel sequences among the eight clinical isolates were analyzed by PCR-and reverse transcriptase PCR-based analyses, respectively. These unique sequences were nonuniformly distributed among the eight isolates, and transcription of these genes in planktonic cultures was detected in 81% (172/212) of their genic occurrences. All 58 novel sequences were transcribed in one or more of the clinical strains, suggesting that they all correspond to functional genes. Sixty-five percent (38/58) of these sequences were found in 50% or less of the clinical strains, indicating a significant degree of genomic plasticity among natural isolates.
Streptococcus pneumoniae is a gram-positive cocci that is etiologically associated with meningitis as well as numerous infections of the respiratory mucosa, including pneumonia, otitis media (OM), and sinusitis. On a worldwide basis, it is estimated that there are over 10,000 pneumococcus-related deaths per day. S. pneumoniae possesses an inducible system (38) for the uptake of DNA from its environment and has served as the model organism for the study of bacterial transformation for nearly 8 decades (4, 23, 28) . These autocompetence and autotransformation mechanisms, together with its role as a major human pathogen, make S. pneumoniae an ideal model organism for studying the effects of in vivo bacterial strain evolution on pathogenicity and persistence during chronic infection.
Genomic diversity among multiple strains within a pathogenic bacterial species has been proposed to play a key role in virulence by the continual evolution of new strains via horizontal gene transfer (HGT) mechanisms during polyclonal infections (16, 17, 31, 32, 45) . There are over 90 catalogued serotypes of S. pneumoniae, each of which is distinguished by a unique capsular gene cluster which exists as a cassette at a common site within the genome. Moreover, comparative genomic studies (11) of the sequenced S. pneumoniae reference strains, TIGR4 (49) and R6 (27) , together with information from the pneumococcal diversity project, in which multiple strains have been sequenced at multiple sites (25) , have established that within the pneumococci there exists substantial genetic heterogeneity (allelic differences) as well as genomic plasticity (genic differences). Claverys et al. (13) have theorized that substitutive recombination among DNAs from "other pneumococci" is the primary driver of pneumococcal capsular diversity through the insertion and creation of mosaic genes via an iterative homologous gene recombination process. These investigators also refer to a global pneumococcal genome that is larger than the genome of any single bacterium.
We have previously posited that the reassortment of genes among strains is a supravirulence factor (one that exists above the individual bacterial level, or at the population level) and is one of the major contributing factors to the morbidity and mortality with which pneumococci are associated (17, 45) . Phylogenetic studies performed with serogroup 6 subtypes have demonstrated that HGT plays a dominant role in strain evolution and the development of invasiveness and that the major type 6 subtypes have evolved several times through recombination (34, 43) .
S. pneumoniae is one of the principle pathogens isolated from OM effusions, and the treatment of OM is estimated to exceed 5 billion dollars a year in the United States (30) . Chronic OM with effusion is the most common cause of conductive hearing loss in children; its treatment with antibiotics, although common, is largely ineffective and is believed to be one of the major evolutionary drivers in the development of antibiotic-resistant S. pneumoniae. The resistance to antibiotics of chronic OM with effusion stems from the fact that the major OM pathogens, including S. pneumoniae, form biofilms on the middle-ear mucosa (15, 18, 22) , which are nearly impossible to eradicate using conventional antimicrobial therapy. Bacterial biofilms have been increasingly recognized as playing an important role in mucosal diseases of the human aerodigestive tree (12, 14, 15, 16, 18, 37, 40) , and biofilm bacteria are demonstrably more resistant to antibiotics and host defense mechanisms than are free-swimming bacteria (9, 14) . These observations are important, as rates of HGT have been observed to be several orders of magnitude higher for biofilm bacteria than for their planktonic counterparts (36) . This elevated level of gene transfer helps to explain the very rapid spread of antibiotic resistance genes among chronic pathogens and is likely the same evolutionary engine that drives the development of strains that can persist in the face of the host's adaptive immune response.
The current investigation is one in a series of studies designed to gauge the extent of genomic plasticity among isolates within a pathogenic species of bacteria. Recently, Bruckner et al. performed a whole-genome comparison between the two fully sequenced pneumococcal isolates (TIGR4 and R6) and demonstrated that approximately 10% of each strain's genes are unique (11) . In order to estimate the genetic diversity among clinical pneumococcal strains, we selected eight isolates, each of a different serotype, recovered from pediatric participants in an S. pneumoniae vaccine trial and constructed individual genomic libraries from these strains. A survey of a subset of the clones was used to estimate the genomic differences among the clinical isolates and the two reference strains, TIGR4 (49) and R6 (27) .
MATERIALS AND METHODS
Isolation, growth, and storage of bacterial strains. Pneumococcal isolates were obtained as nasal washes from symptomatic pediatric participants at Children's Hospital of Pittsburgh who were enrolled in a pneumococcal vaccine trial. All S. pneumoniae strains were isolated and restreaked for single colonies on Trypticase soy agar supplemented with 5% sheep's blood (Becton Dickinson, Sparks, MD) and then cultured in Todd-Hewitt broth (Sigma, St. Louis, MO) at 37°C in a humidified 5% CO 2 atmosphere for one passage, followed by division into aliquots and cryopreservation in 22% glycerol at Ϫ80°C. Pneumococcal isolates were typed by the Quellung reaction, using polyvalent serogroup-and serotype-specific antisera (Statens Seruminstitut, Copenhagen, Denmark). Isolates of serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F were considered vaccine types. Isolates of S. pneumoniae were considered vaccine related if they were in the same serogroup as the vaccine types (e.g., 6A). The eight strains, designated BS68 to -75 in this study, were serotyped as types 9F, 14, 11, 3, 23F, 6A, 18C, and 19F, respectively. All eight strains were specifically chosen because of their sensitivities to both penicillins and cephalosporins, as we did not want to bias our analyses toward the identification of mobile genetic elements associated with antibiotic resistance.
Escherichia coli TOP10 cells were grown in Luria-Bertani broth (Becton Dickinson) at 37°C. Kanamycin (Invitrogen, Carlsbad, CA) was added to a final concentration of 50 g/ml when necessary for selecting the transformed E. coli cells.
Extraction of bacterial genomic DNA. Genomic DNA from each pneumococcal strain was extracted using a modification of the method described by Ausubel et al. (3) . Bacterial cells were grown overnight in 100 ml of Todd-Hewitt broth, centrifuged at 5,500 ϫ g, and resuspended in 1ϫ TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0). Sodium dodecyl sulfate (SDS) (Invitrogen) was added to a final concentration of 0.5% to lyse the cells, followed by an incubation at 37°C for 1 h with 50 g/ml RNase A (Gentra Systems, Inc., Minneapolis, MN). Proteinase K (Invitrogen) was added to a concentration of 100 g/ml, followed by an additional incubation at 37°C for 1 h. Cetyltrimethylammonium bromide (CTAB; Sigma) was added to a concentration of 1%, and the mixture was incubated at 65°C for 20 min, followed by chloroform-isoamyl alcohol (24:1) extraction of the DNA. The DNA was precipitated with 0.6 volume of isopropanol, centrifuged, and washed with 70% ethanol. The DNA was air dried, resuspended in 1ϫ TE buffer at 65°C for 1 h, and analyzed by UV spectrophotometry and agarose gel electrophoresis.
Construction of genomic libraries. Individual genomic libraries for each of the eight clinical pneumococcal strains were constructed as previously described, with modifications (20) . Briefly, genomic DNA from each clinical strain was isolated and hydrodynamically sheared to give a mean fragment size of 1.2 kb, using HydroShear (GeneMachines, San Carlos, CA). For each library, 3 g of the sheared bacterial genomic DNA was end repaired using T4 and Klenow DNA polymerases (Invitrogen), ligated into the plasmid pCR4Blunt-TOPO, and transformed into E. coli TOP10 cells according to the instructions of the manufacturer (Invitrogen). A Q-bot multitasking robot (Genetix Limited, United Kingdom) was used to construct an addressable array for each pneumococcal strain of 9,216 transformants, providing more than four times coverage of the genome. The transformants were replica plated and stored in 10% glycerol at Ϫ80°C. A total of 73,728 clones were arrayed and replica plated from the eight libraries to provide an addressable storage system for future retrieval. Representative clones from each library were randomly chosen for initial analysis, with the expectation that the entire genomes will be sequenced in the future.
DNA sequencing. Plasmid DNA templates for sequencing were prepared from the cryopreserved pneumococcal genomic libraries by using a RevPrep Orbit robot (GeneMachines, San Carlos, CA) after overnight growth at 37°C in a robotic HiGro plate incubator-shaker (GeneMachines) according to the manufacturer's instructions. All plasmids were digested with EcoRI (Invitrogen) and analyzed in ethidium bromide-stained 1% agarose gels in TAE (0.04 M Trisacetate, 0.001 M EDTA) buffer. Only constructs with inserts of Ͼ0.5 kb were used as sequencing templates. Sequencing reaction mixtures were prepared in a 3-l volume consisting of the following reagents: 1.4 l of plasmid template (approximately 100 ng DNA), 0.5 l of 10-pmol/l primer, and 1.1 l of BigDye Terminator v3.1 cycle sequencing kit mix (Applied Biosystems Inc., Foster City, CA). Reaction aliquots of 0.5 l were then subjected to thermal cycling and purified using the nano-pipetter of a Parallab 350 nanoliter genomic workstation (Brooks Automation, Inc., Chelmsford, MA). Parallab cycling conditions were as follows: 35 cycles with a 0-s denaturation step at 96°C, a 0-s annealing step at 50°C, and a 45-s extension step at 60°C. The purified samples were loaded into an ABI 3730 DNA analyzer (Applied Biosystems) for sequence analysis using ABI analysis software, v.5.1.1.
DNA sequence analysis. Sequence quality checking and vector trimming were performed using a Center for Genomic Sciences (CGS) custom-designed sequence analysis software package (J. Gladitz and S. Yu, unpublished data), which rapidly and automatically prepares finished sequences for automated homology searches. Sequences were also analyzed for the assembly of contigs using Sequencher (v. 4.1.4; Gene Codes Corporation, Ann Arbor, MI). DNA and hypothetical protein sequence homology searches were performed on the CGS highspeed BLAST cluster server (Erdos et al., unpublished data), using BLASTn and BLASTx (2), respectively. The BLAST server is automatically updated using downloads from the NCBI website (http://www.ncbi.nlm.nih.gov/). We compared our sequences with the TIGR4 and R6 genomic sequences and posted all of the non-TIGR4 and non-R6 DNA sequences which we used in the distribution study on the CGS website (www.centerforgenomicsciences.org/) as public documents.
PCR-based gene distribution studies. PCR primers for each novel clone were designed within the most likely open reading frame (ORF) of each clone or contig, using InforMax Vector NTI Advance software v.9.0 (Invitrogen). The primer sequences are available at the CGS website. Amplification of the S. pneumoniae cell division protein gene pbp2x was used as a positive control for all strains. An Eppendorf MasterTaq kit (Brinkman Instruments, Inc., Westbury, NY) was used to amplify the target sequences. All amplifications were performed in a suite of Perkin-Elmer 9600 thermal cyclers (Applied Biosystems Inc.) in 25-l reaction mixtures made up of 0.6 units of Taq DNA polymerase, 50 ng of template DNA, 10 pmol of each primer, 1.5 mM MgCl 2 , and a 0.2 mM concentration of each deoxynucleoside triphosphate. PCR conditions were as follows: 10 min of denaturation at 95°C; 35 cycles of 30 s at 94°C, 1 min at 55°C, and 1 min at 72°C; a final extension of 7 min at 72°C; and a 4°C hold. The PCR products were loaded into 1.7% agarose gels, stained with ethidium bromide, and photographed with a Kodak Image Station 440 UV light scanner (Kodak Inc.).
RT-PCR detection of transcripts encoded by novel ORFs. RNA transcription was assessed to determine if each of the novel sequences corresponded to functional gene units. Using the hot-phenol method (Invitrogen), total RNAs for each of the eight S. pneumoniae clinical isolates and the reference strains were extracted from mid-exponential-phase cultures grown in Todd-Hewitt broth. After treatment with Turbo DNase (Ambion, Inc., Austin, TX), the RNA quality was checked on an Agilent 2100 bioanalyzer using an RNA 6000 nano assay kit (Agilent Technologies, Palo Alto, CA) to ensure that there was no degradation of RNA. RNAs were then tested in both reverse transcriptase PCR (RT-PCR)-based assays and sham (no RT) PCR-based assays, with the latter being performed to ensure that there was no DNA contamination. RT-PCR and PCR analyses were performed as follows. An RNA premix was prepared by mixing random hexamers (Invitrogen) with 4 g of total RNA from each strain, heat denaturing the mixture, quenching it on ice, and dividing it into two tubes. Two master mixes were also prepared, with one containing all of the RT components, including Moloney murine leukemia virus (Invitrogen) reverse transcriptase (ϩRT), and the other one lacking the RT enzyme (ϪRT). Each pair of RNA specimens received an aliquot of the ϩRT mixture in one tube and the ϪRT mixture in the other. PCR was carried out using 2.5 l of the first-strand cDNA from each RT reaction. The S. pneumoniae cell division protein ftsI mRNA was amplified as a positive control for each strain. Negative controls had the same reaction mixtures prepared but with no template nucleic acid added.
Southern blot analysis. Genomic DNA of each pneumococcal strain was isolated from planktonically grown cultures as described previously (45), digested with EcoRI, and electrophoresed in a 1% agarose gel. Each gel also contained one lane with a pool of the unique plasmid clones being probed to serve as a positive control. The DNAs were transferred to positively charged nylon membranes by capillary blotting using 0.4 M NaOH (Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom) according to the method of Southern (48) . Probes were produced by PCR-based amplification of the plasmid inserts corresponding to the unique genes under study, followed by purification of the amplimers with a QIAquick PCR purification kit (QIAGEN). Radioactive labeling of the probes was performed using a random primer DNA labeling system (Invitrogen) according to the manufacturer's instructions. Probes were purified via gel exclusion chromatography (G-50 Sephadex columns; Roche Diagnostics, Indianapolis, IN). Specific activity was measured in a Bioscan QC4000XER counter (Bioscan, Washington, DC). A 30-min prehybridization of the filters was carried out at 42°C (5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 5ϫ Denhardt solution, 50% [wt/vol] formamide, 1% [wt/vol] SDS), with heat-denatured sheared salmon sperm DNA (Sigma) added immediately before incubation. Hybridization of the novel gene probes to the transferred DNAs was accomplished by adding ϳ2 ϫ 10 7 dpm of heat-denatured probe to each prehybridization reaction and incubating the mixture at 42°C overnight. Following hybridization, the membranes were washed in 2ϫ SSC-0.1% (wt/vol) SDS for 5 min at room temperature three times, in 0.2ϫ SSC-0.1% (wt/vol) SDS at room temperature for 15 min, in 0.2ϫ SSC-0.1% (wt/vol) SDS at 42°C for 15 min, and finally in 0.1ϫ SSC-0.1% SDS at 68°C for 15 min. Following the washing steps, the membranes were autoradiographed using Kodak XAR film.
Multilocus sequence typing and construction of phylogenetic trees. Using the method described by Enright and Spratt (19; www.mlst.net), we performed DNA sequencing of seven S. pneumoniae housekeeping genes, namely, aroE, gdh, gki, recP, spi, xpt, and ddl, from each of the eight clinical strains. PCRs using Eppendorf MasterTaq kits were performed for each gene, using published primers, in a 96-well microtiter plate format. Thermal cycling was performed in a suite of Perkin-Elmer 9600 thermal cyclers as follows: an initial denaturation at 95°C for 4 min; 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s; and then 72°C for 10 min followed by a 4°C hold. The PCR products were purified using a QIAquick PCR purification kit (QIAGEN) and sequenced bidirectionally using an ABI 3730 DNA analyzer. The sequences were analyzed, and alignments of multiple sequences were done with Clustal X. The sequence of each locus in each strain was then compared with the multilocus sequence type (MLST) database to obtain an allelic profile. The combined allelic profiles of the seven gene loci for each strain resulted in an ST that was then compared with the existing ST profiles in the MLST database.
Nucleotide sequence accession numbers. The non-TIGR4 and non-R6 DNA sequences obtained for this study have been deposited in GenBank (accession no. CZ693485 and CZ693542).
RESULTS AND DISCUSSION
Identification of novel sequences from clinical isolates. DNA sequencing was performed on 768 clones randomly chosen from each of eight genomic DNA libraries (6,144 total clones), each of which was composed of 9,216 clones that had been constructed from a single clinical isolate of S. pneumoniae. Approximately 78% (4,793/6,144) of the clones contained inserts of Ͼ0.5 kb and were subjected to further analyses, and this represented ϳ6.5% (4,793/73,728) of the total sequence in the aggregate libraries (Table 1) . This method identified 4,043/4,793 (84.4%) clones as being TIGR4-like. Many of these TIGR4-like clones were demonstrated to contain small insertions-deletions and numerous point mutations, but in general they represented allelic variations of known genes.
BLASTn analyses indicated that 750/4,793 (15.6%) clones contained inserts that were unique with respect to the TIGR4 genome. The percentage of sequences not homologous to TIGR4 varied from 10.8 to 21.5% among the individual pneumococcal strains (Table 1) . These novel sequences were also compared to the R6 pneumococcal genome and other streptococcal genomes as well as to streptococcal phages listed in GenBank. We identified 263/4,793 (5.5%) clones as having a unique insert of at least 105 nucleotides with respect to all streptococcus-related (referred to as "strep-related" from here on) sequences, with the majority of these clones having no nucleotide matches against any sequence in GenBank. All of the unique DNA sequences used in the distribution study (see below) from these pneumococcal clinical isolates have been deposited with GenBank (accession no. CZ693485 and CZ693542). These unique sequences were examined for overlaps among themselves, from which we assembled nine contigs comprised of 21 cloned sequences.
BLASTx searches were carried out to identify proteins with similarity to the conceptual protein translations of the ORFs corresponding to the non-strep-related clones and contigs. The amino acid identity and similarity values obtained by comparing these hypothetical translations with their closest homologs are listed in Table 2 . Many of these clones had only very limited homology to any known protein, suggesting that some of these DNA sequences may encode proteins of novel function, whereas others likely encode virulence factors and proteins associated with metabolic functions and not previously recognized in the pneumococci. Fifty-eight of these novel sequences were randomly chosen for the distribution study. Distribution of novel DNA sequences. The distribution and expression patterns for 58 of the novel DNA sequences (GenBank accession no. CZ693485 and CZ693542) among the eight pneumococcal clinical strains were evaluated using PCRand RT-PCR-based assays (Table 3) . In all cases, genomic DNAs and RNAs from the reference strains, TIGR4 and R6, A global examination of the genic distribution of the 58 novel sequences among the eight clinical pneumococcal strains revealed that the novel genes, on average, were found in 45% (212/464) of the eight genomes. All of the novel sequences were amplified from one or more of the clinical isolates' genomes, indicating that none of these sequences represented contaminating fragments that entered our genomic libraries. All 58 primer pairs for the unique sequences failed, as expected, to support amplification from either the TIGR4 or R6 genome. Only four clones (7%) were identified in all eight of the clinical strains (e.g., SP11_0002_B05), while 13 of the unique ORFs were each found in only one of the clinical isolates (e.g., SP14_0001_J05) ( Table 4) . Strain BS71 (serotype 3) had the most novel sequences (35/58), whereas strain BS74 (serotype 18) had the least (20/58). Each of the eight strains had, on average, 26 of the 58 novel genes. The modal distribution of the unique clones among the eight strains demonstrated that the majority (38/58) of these sequences were found in 50% or fewer (four or fewer) of the strains.
One possible source of error with regard to our analysis of the distribution of the novel sequences is that different strains may possess different alleles of the same gene, thus preventing amplification with the primers designed from the sequenced clone. If this is an issue, it would mean that we have underestimated the distribution frequencies of some of the novel genes. However, we do not think any underestimation is significant, as Southern blot hybridization experiments using the entire cloned inserts as probes largely corroborated the PCR-based results. Nevertheless, it remains possible that genes encoding surface-exposed antigens or other proteins that come in contact with the host immune system could display heterogeneity beyond what could be detected by Southern blotting (SB). One possible example of this is clone SP11_0001_O05 (detected in 4 of the 10 strains by PCR and SB), which shows ϳ50% amino acid (aa) identity to the immunoglobulin A1 (IgA1) proteases of TIGR4 and R6 but no observable nucleotide homology to either of these genes. Whether this gene encodes an IgA1 protease will be the subject of further investigation.
Overall, the 58 novel genes were expressed as RNA transcripts in ϳ81% (172/212) of their genic occurrences within the eight clinical strains. Every ORF under study was expressed as an RNA transcript in at least one of the strains, indicating that all of the novel sequences under study correspond to transcriptionally active genes. A majority of the genes (44/58) were expressed in 50% or fewer of the clinical pneumococcal strains (four or fewer) under in vitro planktonic conditions. Thirty-five (60%) of the ORFs were transcriptionally active in all strains harboring the ORF. Strain BS71 (serotype 3), which contained the most novel DNA sequences, had an 80% RNA transcription rate (28/35) for these novel sequences. Similarly, strain BS74 (serotype 18), which had the fewest of the novel DNA sequences, also expressed 80% (16/20) of its novel ORFs (Table 3) .
Pairwise genomic comparisons of the eight clinical strains were carried out using the 58 clone/contig sequences to estimate the level of genomic diversity among strains ( Table 5 ). The greatest difference was found between strains BS68 (serotype 9) and BS74 (serotype 18), with 32 differences in DNA content. The most closely related strains were BS71 (serotype 3) and BS72 (serotype 23), which differed by 15 genes. Interestingly, in a blinded experiment using the chinchilla OM model to assess the relative pathogenicities of these eight clinical isolates, the last two strains produced similar infection profiles, whereas BS68 and BS74 produced the most divergent clinical outcomes in terms of mortality (Forbes et al., unpublished data). Overall, BS68 was found to have the greatest number of DNA differences (n ϭ 178) compared to all other strains, while BS75 (type 19) had the fewest total genic differences.
Identification of novel virulence genes. (i) Subtilisin-like serine protease. Two contiguous ORFs from serotype 18 encode hypothetical proteins most similar to subtilisin-like serine proteases and ATPases of the AAA ϩ class. The greatest homology for both proteins was found to Leuconostoc mesenteroides (48% aa identity with 70% aa similarity and 71% aa identity with 86% similarity, respectively). Somewhat lesser degrees of homology were observed to genes found in the Mycoplasma spp. and Listeria spp.
The subtilisin-like serine protease superfamily contains Ͼ200 subtilases that are widely distributed across all kingdoms and phyla (46) . Microbial pathogens frequently use extracellular subtilases to degrade host proteins or to modify their own pathogenic proteins (33). Harris et al. (24) found in the group B streptococci that a mutation of a CspA subtilase resulted in a 10-fold reduction in virulence; the wild-type enzyme was able to cleave the human fibrinogen ␣ chain, whereas the mutant could not. Similarly, in a mouse model of infection, a significant increase in survival was noted for animals infected with a PrtA Ϫ (subtilisin) S. pneumoniae strain compared with congenic wild-type bacteria (7). The a Numbers in bold refer to the number of unique genes between each pair of strains, and numbers that are not bold refer to the number of unique genes that are expressed differentially between members of a strain pair. In all cases, the number of differences is over a denominator of 58. nucleotide sequence encoding the putative subtilase described herein and present in four of our clinical strains revealed no observable nucleotide or amino acid homology to either of the published streptococcal subtilisin genes.
(ii) Alpha-galactosidase clone. A clone from the serotype 3 strain contains an ORF whose hypothetical translation produces a protein similar to the ␣-galactosidases. The highest degree of relatedness was observed for a Geobacillus stearothermophilus enzyme (56% identity and 74% similarity), with many other gram-positive ␣-galactosidases showing similar levels of homology; a much lesser degree of relatedness was also observed with a TIGR4 ␣-galactosidase ( Table 2 ). The finding of additional saccharide catabolic capability in pneumococci is in keeping with their documented ability to metabolize a larger number of sugars than other nasopharyngeal pathogens (26) . This expanded substrate utilization capacity probably allows the pneumococci to occupy a unique physiological niche in an otherwise microbially complex environment. Moreover, ␣-galactosidase function and galactose transport have been shown to be essential for S. pneumoniae virulence (44, 47) , as knockout mutants grow normally in vitro but are avirulent, likely owing to a reduction in their capsular polysaccharide of 50%. The finding of a second ␣-galactosidase in two of our more virulent clinical strains (Forbes et al., submitted for publication) suggests that genic redundancy in this case might be associated with increased virulence.
(iii) Immunoglobulin A1 protease. Our serotype 11 strain contained an ORF whose hypothetical translation displayed 53% identity to immunoglobulin A proteases from Streptococcus sanguinis and S. pneumoniae (Table 2) ; however, the greatest homology (56% identity, 73% similarity) was to an IgA protease from Gemella hemolysans, a member of the staphylococci. The streptococci, like many other pathogens, produce an IgA1 protease (39) that cleaves the J peptide of the divalent IgA, rendering it monomeric and greatly reducing its mucosal protective capacity (29, 42) . All streptococcal IgA proteases are phylogenetically related and cleave a conserved Pro-Thr peptide bond in the human IgA heavy chain (41); however, there is significant variation and mosaicism among strains, likely as a mechanism to escape immune surveillance. It is probable that this newly identified gene provides genetic redundancy for a key virulence trait.
(iv) Lantibiotic mersacidin-like sequences. A three-clone contig from our serotype 23 strain contained two ORFs that appear to encode proteins related to mersacidin lantibiotic synthesis and transport. The first ORF is most similar to the mrsM gene of Bacillus licheniformis, which encodes a mersacidin-modifying enzyme (Table 2) (1). Three regions of similarity were identified between these two large proteins (1,026 amino acids), located at aa positions 500 to 565, 667 to 908, and 865 to 1022, with similarities of 52%, 56%, and 51%, respectively (8) . Interestingly, the nucleotide sequences for the two clones which collectively comprise the first ORF did not match precisely in the overlapping region, indicating that these two clones originated from two different copies of a duplicated gene within the strain BS72 genome. A second ORF in this contig also showed similarity (48%) with the B. licheniformis lantibiotic transport gene mrsT, suggesting that these two genes were likely acquired together. These genes were also identified in two of our other clinical strains.
Lantibiotics are natural antibacterial peptides (10) encoded by genes from a wide array of gram-positive bacteria, and although present in a number of the streptococci, they have not previously been identified in any pneumococcal strains. It has recently been speculated that coordinated bacteriocin production and competence development may be two aspects of a conjoint mechanism for taking up DNA from neighboring species, as this would provide bacteria capable of inducing autocompetence with a supply of exogenous DNA by inducing lysis in nearby related species (31) .
(v) Platelet binding protein.
The serotype 11 strain library also yielded an ORF whose hypothetical translation produces a protein with similarity to the platelet binding protein PblB of Streptococcus mitis, which is encoded within the lysogenic SM1 prophage (6) . Platelet binding by S. mitis was shown to be affected by this protein and a related PblA protein (5) . These proteins appear to be multifunctional, as they also play a role in bacteriophage tail assembly. Since they are encoded by a lysogenic phage, their transmission among a broad range of bacterial species is likely. Indeed, both Streptococcus pyogenes and Enterococcus faecalis harbor PblA and/or PblB homologs. PblB represents the first reported case of a bacteriophage encoding a human tissue adhesin. However, virulence genes are commonly encoded by phages, as in the case of Haemophilus influenzae and Vibrio cholerae.
Multilocus sequence typing. MLST has been used as a DNA sequence-based approach to characterizing pathogenic isolates of numerous naturally transformable bacterial species, including Neisseria meningitidis, Haemophilus influenzae, and S. pneumoniae (19, 21, 35) . MLST is useful for tracking epidemics, identifying prevalent clonal lineages, and studying the evolutionary relationships among strains of a given bacterial pathogen. Previously, we compared this method for evolutionarily grouping clinical isolates of H. influenzae with a novel gene distribution study (45) and found that each gene used in MLST produced a different evolutionary tree. In the current study, we again utilized MLST to characterize eight clinical isolates of S. pneumoniae and compared it with our novel gene distribution studies as a means to discriminate relatedness among the strains. The seven housekeeping genes used to determine the pneumococcal sequence types (ST) were sequenced from all eight clinical strains and analyzed as described by Enright and Spratt (19) . All sequences were compared with the MLST database, and existing locus numbers were assigned to strains with sequence-matched loci. Each of the eight strains had a different ST. Only one strain, BS74 (serotype 18), received a new ST based upon a novel ddl allele (Table 6 ). It is noteworthy that both the ST and the serotype of each of the eight clinical strains matched both the ST and serotypes of previously catalogued strains listed in the MLST database, e.g., strain BS69 (serotype 14) had ST 124, and all 23 other strains in the database which shared ST 124 were also serotype 14; similarly, strain BS71 (serotype 3) shared sequence type 180 with 20 other serotype 3 strains.
The experiments reported herein were designed as a partial test of the distributed genome hypothesis, which states that (i) among chronic bacterial pathogens such as S. pneumoniae, no two clinical strains have the same genic content; (ii) chronic pathogens utilize a polyclonal infection strategy wherein the collective population-based supragenome is substantially larger than the ge-nome of any individual strain (13, 45) ; and (iii) recombination among the strains during persistent infections provides a mechanism to counteract the host's adaptive defense responses. Therefore, the use of reference genomes, such as TIGR4 and R6 in the case of S. pneumoniae, would identify only a subset of the genes extant within the population supragenome. To begin to address these hypotheses, we constructed individual genomic libraries from each of eight low-passage-number clinical isolates of S. pneumoniae, each of a different serotype and MLST, obtained from pediatric participants in a polyvalent pneumococcal vaccine trial. We surveyed approximately 6.5% of the clones in these libraries and identified ϳ15.6% of these clones as being novel with respect to the TIGR4 genome; moreover, 5.5% of the clones were novel with respect to all streptococcus-related sequences available in public databases.
The natural competence and transformation mechanisms of S. pneumoniae provide an obvious means for horizontal gene transfer, and not surprisingly, slightly more than 50% of the 58 novel genes we evaluated in detail were predicted to encode proteins that evidenced their highest degree of similarity to proteins encoded by other streptococcal species. However, the remainder of the unique sequences, based on protein homology searches, appear to have origins in more distantly related genera. Our genic distribution analyses demonstrated that these novel genes were nonuniformly distributed among the eight clinical strains and were not universally expressed under in vitro planktonic growth conditions. Our ability to amplify each of these novel sequences from one or more of the genomic DNAs isolated from the various clinical strains minimizes the likelihood that any of these genes represents a contaminating sequence from the laboratory. More than 65% (38/58) of the novel genes were present in 50% or fewer of the strains. All of the unique genes were found to be expressed in at least one strain, strongly suggesting that all of these unique sequences represented functional genes and not junk DNA. There were 13/58 gene sequences, however, identified exclusively in a single strain. Thus, these become strain-specific markers that can be used to analyze issues of gene flow during future polyclonal animal model experiments.
The degree of genomic plasticity and the pattern of genic distribution observed in the present study mirror the results obtained in a parallel study of the gram-negative nasopharyngeal pathogen Haemophilus influenzae (45) . Thus, it appears that the presence of a population-based supragenome and the nonuniform distribution of virulence genes among the numerous strains of a species are common features of bacterial pathogens and cut across all phylogenetic classes. There are, however, differences in the degrees of sharing between the pneumococcal strains and the nontypeable H. influenzae strains. Among nontypeable H. influenzae strains, 32% of the novel genes were found in 90% or more of all clinical strains examined, whereas among the pneumococci, only 10% of the novel genes were found in 90% of the clinical strains examined. What is more interesting is that the overall degree of sharing of novel genes was less in the pneumococci. This greater degree of genomic plasticity among the pneumococcal strains we examined may result from the tentative observation that there is more limited gene sharing among strains of different serotypes. It will be important in future comparative genomic studies of the pneumococci to compare intraserotype diversity with interserotype diversity.
It is clear that each housekeeping gene has limited discriminating power compared to the concatenated unique sequences to identify the genetic clade to which a particular pneumococcal clinical strain belongs. This is analogous to the relationship between the individual novel clones and the sum of all novel clones, with the latter providing greater power for characterizing the relationships among different S. pneumoniae strains.
It has been demonstrated that bacteria are found predominantly in biofilms, the formation of which has alternate gene expression patterns and new gene generation capability. This may allow the bacteria to adapt more rapidly to changes in the environment. Our data revealed a wide variety of genic components in different clinical strains. The virulence difference for some strains disclosed by pathogenicity scores given to chinchilla OM animal models correlated well with our gene distribution patterns (e.g., BS71 and BS72 compared to BS68 and BS74) (Forbes et al., unpublished). There exists a high possibility that the novel nucleotide sequences in our study include some unrecognized virulence genes which are components of a set of contingency genes that are available to S. pneumoniae at a population level. 
